Introduction
The island of Kyushu stands at the junction of two island arcs, the Southwest Honshu and the Kyushu-Ryukyu arcs. The Philippine Sea plate descends under those arcs at a speed of 4.4 cm/year to the NW (SENO, 1977) at the trench off the south of Kyushu as seen in Fig. 1 . Many Quaternary and active volcanoes in the northern part of the Kyushu-Ryukyu arc are aligned in a NE-SW direction parallel to the Nankai Trough off the south of Shikoku and the Ryukyu Trench. In northern and central Kyushu, Japan, we have made geomagnetic depth soundings (GDS) and magnetotelluric (MT) surveys.
The recent observation of the crustal deformation reveals that the NS extensional strain field is dominant in Kyushu (GEOGRAPHICAL SURVEY INSTITUTE, JAPAN, 1984) in contrast to the EW compressional field in other areas of Japan. TADA (1984) pointed out that the center of the extensional field is located along the Beppu-Shimabara graben which runs across central Kyushu roughly from NE to SW as shown in Fig. 2 (MATSUMOTO, 1979) . In this graben, active fault systems of a normal fault type with a nearly EW trend are well developed (e.g., RESEARCH GROUP FOR ACTIVE FAULT, 1980 ) and shallow seismicity is high. A focal mechanism for shallow earthquakes in the graben also reveals that the tension axis of the tectonic stress field is on the horizontal and to the NS (YAMASHINA and MURAI, 1975; SUDO et al., 1984; SHIMIZU and MATSUWO, 1989) . High thermal activity is indicated by heat flow data (YUHARA and EHARA, 1981) and the Curie point depth survey (OKUBO et al., 1985) .
The Okinawa Trough is a backarc basin of the Ryukyu trench-arc system and extends (EGUCHI and UYEDA, 1983) . An arrow at the trench shows the relative motion of the Philippine Sea plate (SENO, 1977) . A square shows the GDS and MT survey area in this study.
from off the northern coast of Taiwan to the western coast of Kyushu (only its northeastern part is shown in Fig. 1 ). In the southwestern part of the trough, sea floor spreading is inferred from the linear trend of magnetic anomalies (HERMAN et al.,1978; LEE et al., 1980) . The backarc spreading in this area seems to be supported by abundant geophysical and geological evidence, such as high heat flow values (LEE and UYEDA, 1965) , linear magnetic anomalies (e.g., LEE et al., 1980) , sedimentary structures obtained by a number of seismic reflection data (e.g., SIBUET et al., 1987) and thin crustal structures (LEE et al., 1980) . In the northeastern part of the trough-we shall call this part the northern Okinawa Trough-on the other hand, there is no clear evidence for backarc spreading. LETOUZEY and KIMURA (1986) mentioned that "the northern Okinawa Trough is only in a rifting stage," while crustal separation and active spreading have occurred in the central and southern Okinawa Trough. Analyzing the focal mechanism of the shallow earthquakes ( Fig. 1) , EGUCHI and UYEDA (1983) pointed out that the NS extensional tectonic field is considered to be in the northern part of the trough.
In this paper, based on the observed geomagnetic and MT data, we attempt to clarify the Fig. 2 . Locations of the observation sites. At sites shown by larger circles in the Aso area, telluric fields were observed in addition to geomagnetic variations. The Beppu-Shimabara graben is shown by two broken lines and the two major tectonic lines by dash-dotted lines. The thin curve illustrates the summit of the Aso caldera rim.
resistivity structure beneath central Kyushu by use of the finite element method (FEM). We also discuss the relation between the induced current flowing in the surrounding seas and the rotation of the in-phase arrows in Kyushu briefly.
Observations
Field observations were made from June 1983 to January 1989 at 26 sites in northern and central Kyushu. The site locations are shown in Fig. 2 . The 14 sites are arranged in and around the Aso Caldera under the survey project of the Aso Volcano.
Geomagnetic variations were measured by three component fluxgate magnetometers. All signals were recorded digitally on cassette tape with a sampling interval of 10 seconds. The observation at each temporal site was usually made for about a month. The data obtained were compared with magnetograms at the permanent station of the Aso Magnetic Observatory (KAZ) to check their quality. At the six sites shown by the large closed circles in Fig. 2 , telluric fields also were observed simultaneously, and we have obtained MT data in the period range 30-5000s.
Response Arrows
As a convenient method for analyzing and displaying data for GDS, the single-station transfer functions (A and B) are computed for the geomagnetic variations by the equation
HZ=AHx+BHy.
All these quantities are complex functions of frequency. In this study, we have estimated them from only the night-time event data so as to avoid contamination by daytime temperature variations and cultural noise. The noise level is usually lower than about 0.3nT in z-variation. during the night-time. The in-phase and the quadrature-phase response arrows are illustrated in Fig. 3 for three periods of 51, 10 and 1 min. The in-phase arrows have been reversed in direction to point towards internal current, but the quadrature arrows have not been reversed (HANDA and CAMFIELD, 1983) .
The longer-period electromagnetic fields, in general, tend to be affected by larger conductivity structures. HONKURA (1974 HONKURA ( , 1983 pointed out that the in-phase arrows in Japan Islands are controlled strongly by the induced current flowing in the surrounding seas. The island of Kyushu is, as illustrated in the bathymetry map in Fig, 1 , bounded by seas except for its eastern part. The Pacific Ocean is the deepest of them. It deepens steeply to a depth of more than 5 km off the southeastern and southern coasts of Kyushu. On the other hand, the East China Sea off the western and northern coasts of the island is a shallow continental shelf. Its water depth is less than 200m except for the Okinawa Trough. Thus, it is readily expected that the in-phase response arrows in Kyushu point towards the Pacific Ocean, i.e., the south to the southeast direction as shown in Fig. A2 (Appendix). It is clearly seen in Fig. 3 that all in-phase arrows, except for YBK, OHN and IIM, point roughly to the west for a period of 10min, Fig. 3 . In-phase and quadrature-phase response arrows for periods of 1, 10 and 51min. Arrows from the in-phase transfer functions (left) have been reversed to point towards internal currents. The Beppu-Shimabara graben is shown by two broken lines and the two major tectonic lines by dash-dotted lines. broken line in Fig. 4 . It consists of the resistive crust and upper mantle with a resistivity of 1000 ohm-m and an underlying conductive half space (100 ohm-m). The depth of their boundary is estimated as about 170km. The E-and H-polarization responses of a 2-D inhomogeneous Earth have been calculated using the same FEM program as applied in HANDA and CAMFIELD (1983) . We have attempted to adjust the model in order to fit the ratio of the computed vertical and horizontal magnetic fields to transfer functions projected onto a line WE shown in Fig. 9 . As mentioned earlier, the in-phase arrows for periods longer than 3min point roughly to the same direction in central Kyushu, except for the two sites where the local anomaly is seen clearly. As the line WE is roughly parallel to the direction of the in-phase response arrows for long periods, the 2-D assumption is allowable for the regional conductivity model. The data at YBK were not used in the following interpretation, because this site is at the northern coast of Kyushu and the induction arrows are instead controlled by the currents in the Tsushima Strait.
The major conductive inhomogenity on the line WE is the high conductive sea-water of the East China Sea. Initially, in order to evaluate the effect of the sea-water, we have calculated the response of a base model shown by Fig. 5 ; this model consists of the East China Sea and the conductive half space underlain by the high resistive crust and upper mantle. In Fig. 6 , the theoretical in-phase and the quadrature-phase transfer functions are compared with the observed ones for periods of 51 and 1min. Of course, this simple model cannot explain the observed data well. One of remarkable misfits is that the quadrature-phase transfer functions calculated for a period of 51min have a sense opposite to those observed. Another misfit is seen in the in-phase amplitude. The in-phase transfer functions calculated especially for a period of 1min have an excessively large amplitude near the East China Sea. In general, the quadrature-phase transfer function is sensitive to a vertical conductivity structure. In our base model, the quadrature-phase transfer functions have positive values only for periods shorter than 2 min. We define a critical period at which the sign of the quadraturephase transfer function changes from negative to positive as the period decreases. It is about 2 min in this base model i.e., the sea-depth is 500m (a conductance of 2000 S), while the quadrature-phase transfer functions observed for periods longer than about 20min have positive values. The model calculation with various sea-depth indicates that the critical period is in proportion to conductance of the sea (the water-depth). In order to explain these positive values observed, we introduce a high conductive layer under the East China Sea which is effective to increase the critical period, because the sea-depth must be fixed.
The final model that provides the best fit to the observed transfer function is shown in Fig.  7 . Figure 8 shows the theoretical responses and the observed transfer functions for periods of 51, 20, 5 and 1min. The fit of the model to the observations is well for the in-phase transfer functions for all periods and for the quadrature transfer functions for periods longer than about 20min. Broken curves in Fig. 8 show the theoretical response calculated for the model without the HCL of a shaded rectangle in Fig. 7 . The difference between two theoretical responses is remarkable for the quadrature-phase arrows for a period of 51min. This implies that the HCL beneath the sea is necessary to yield a good fit to the data for periods longer than about 20min, because this is equivalent to increasing the conductance of the sea-water. The misfit is remarkable for the quadrature part at 5min. We have hardly found the model in which the quadrature-phase transfer functions have positive values for periods longer than 20min and negative values for short periods. This misfit is not due to the HCL beneath the sea as seen in Fig. 8 , but some part of the structure possibly at relatively shallow depth is still not determined well in this model. There also is the possibility that the misfit is caused by the 3-D effect for short periods. Though the uncertainty is there in this model, we conclude that the HCL possibly lies beneath the East China Sea about 60 km off the Shimabara Peninsula. As shown in Fig. 9 , this HCL is located just under the northern edge of the northern Okinawa Trough.
Using results of some experiments, we have attempted to obtain the possible ranges of the parameters of the HCL beneath the trough, though a model like that given in Fig. 7 is of course non-unique. The resistivity of this prismatic conductor is not likely to be more than 10 ohmm or less than 5 ohm-m. The top of the conductor, if its resistivity is 10 ohm-m, is probably above a depth of 70km and below 20km. We have shown it at 40km in Fig. 7 . The bottom of the conductor is below a depth of 70km.
In Fig. 7 , HCLs with resistivities of 20 and 50 ohm-m are also seen beneath the Shimabara and the Beppu areas respectively. The existence of these HCLs is easily inferred from a visual inspection of the response arrows shown in Fig. 3 , because the anti-parallel arrows at periods shorter than 3min are seen in both areas. The main part of the HCLs beneath the BeppuShimabara graben is located above the depth of the HCL beneath the trough but still below the Moho boundary which is at a depth of 28 to 33 km (YOSHII, 1972) . On the other hand, the HCL is absent at the lower crust and the shallow part of the upper mantle beneath the Aso volcanic area. In this area, a high resistivity layer is required to have at least a thickness of 140km by the observed MT parameters as revealed by the 1-D models. 
Discussion
Before discussing the HCLs inferred from the 2-D FEM modeling, we will mention the rotation of the in-phase arrows in central Kyushu. The long-period electromagnetic field observed near a coastline is strongly affected by anomalous currents which flow in deep oceans as first described by PARKINSON (1962) and SCHMUCKER (1963) . In Kyushu, the NS component of the transfer function (Au) is controlled strongly by the EW induced currents in the Pacific off southern Kyushu and also in the Tsushima Strait off northern Kyushu (Appendix). For a period of 51min, the north component of the in-phase transfer function (+Au) has the largest value at the site of KNY (Fig. A2 ) in southern Kyushu and almost zero at YBK. Note the in-phase response arrow has been reversed in direction. Thus the NS component decreases in proportion to the distance from the southern coast in Kyushu. On the other hand, the value of the east component (+Bu) is 0.45, 0.15, 0.19 and 0.19 at YBK, URS, SWN and KNY for a period of 51min, respectively. Except for YBK, the large spatial change in the NS direction is not seen in the east component. LEE et al. (1980) derived a three-stage sequence of events from the observations, i.e., "doming", "rifting" and "drifting". The southern part of the trough is considered to be in the drifting stage. This drifting was reached during Pliocene time (LEE et al., 1980) . On the other hand, LETOUZEY and KIMURA (1986) suggested that the northern Okinawa Trough is in the rifting stage. In this stage, normal fault systems are caused by thermal expansion of the heated mantle and lowering of the surface level. In the northern Okinawa Trough, the regional extension-field is implied by the distribution of the normal fault systems and grabens (SIBUET et al., 1987) and the focal mechanism (EGUCHI and UYEDA, 1983) as mentioned earlier. SIBUET et al. (1987) pointed out that the diffuse extension occurs in the shaded area in Fig. 9 . The result obtained by the FEM modeling may imply that temperature of the upper mantle is high and that the heated upper mantle rises up at least at the location indicated by the arrow in Fig. 9 , while the crustal thickness does not indicate a typical thinning of the crust. Thus, the existence of the HCL supports that the northern Okinawa Trough is in the rifting stage in the opening of the backarc basin (LETOUZEY and KIMURA, 1986) .
From the tectonic situation of the extension-field, high thermal activity and high shallow seismicity, many workers (e.g., KIMURA, 1983; EGUCHI and UYEDA, 1983; TADA, 1984) have suggested that the Beppu-Shimabara graben is possibly the extension of the Okinawa Trough. The HCLs lie also under the Beppu-Shimabara graben and seem to continue to the HCL beneath the northern Okinawa Trough. The relationship between the Beppu-Shimabara graben and the Okinawa Trough is important to clarify not only the tectonics in Kyushu but also the mechanism of the backarc spreading in its early stage.
Conclusion
The GDS observations in northern and central Kyushu indicate that the in-phase response arrows obtained from the single-station transfer functions for a period of 10min point to the west direction at almost all sites and tend to be rotated anti-clockwise gradually as the period increases between 10 and 51min. Using the in-and quadrature-phase transfer functions and MT data, we carried out numerical modeling using the 2-D FEM to make clear the electrical conductivity structure beneath central Kyushu and the region to the west extension. The model suggests the existence of the HCL in the northern Okinawa Trough especially to explain the positive values of the quadrature-phase arrows for periods longer than about 20min. This HCL is considered to be caused by partial melting in the shallow part of the upper mantle. Hence, we suggest that the temperature in the upper mantle is high and the asthenosphere ascends beneath the northern Okinawa Trough.
The Okinawa Trough is considered to be in the opening stage of the backarc basin in its southwestern part. The HCL inferred from the GDS in Kyushu strongly supports the idea that the northeastern part of the Okinawa Trough is in the early stage of opening. In contrast to other regions in Japan, disagreement is decisive in Kyushu between the calculated and the observed results, and the difference has a definite tendency. This tendency is also seen in westernmost Honshu as recently revealed by the multi-fluxgate magnetometer survey along the NS line (RESEARCH GROUP FOR CRUSTAL RESISTIVITY STRUCTURE, JAPAN, 1989) .
